1. Oxygen radicals in biological systems and the importance of iron Oxygen radicals can be either organic or inorganic. The organic radicals such as the peroxy (ROO') and alkoxy (RO') are those derived from complex molecules like the polyunsaturated fatty acids. The inorganic oxygen radicals are the superoxide radical (O,-*) and the hydroxyl radical (OH').
Formation of the highly reactive hydroxyl radical appears to be due to either ionizing radiation or to the simultaneous presence of superoxide and hydrogen peroxide with suitable iron catalysis, i.e. Copper can substitute for iron in such model reactions (eqn. 5), but in biological materials ubiquitous amino groups readily ligate copper ions. These copper complexes are then more likely to act as protective antioxidants because they can dismutate the O,-* radical.
20,-' +
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(5)
In bulk lipids, however, copper salts are more catalytically active than equimolar concentrations of iron salts in promoting lipid peroxidation. The most important advance in our ability to study inorganic oxygen radicals in biological systems has been the discovery and ready availability of the superoxide dismutases which give us a unique probe for OF.. Unfortunately, there is no similar probe for investigating the biological involvement of organic oxygen radicals. Peroxy and alkoxy radicals can, however, be generated and studied in vitro by using techniques of pulse radiolysis (Saran et al., 1980; Packer et al., 1981) .
Phenolic antioxidants with reducing properties inhibit lipid peroxidation by reacting with peroxy radicals to form a stable complex 2A (reaction 7) or new radicals (A'), which do not continue the chain reaction (reaction 6):
A ' + A ' + 2 A (7) Care should be taken when translating reactions in vitro into biological experiments, for even the 'traditional' antioxidants can sometimes display pro-oxidant activities. The widely used water-soluble antioxidant propyl gallate, when added to a cell-free system measuring bleomycin-iron-dependent damage to DNA, enhanced DNA degradation by some 200% (Gutteridge & Fu, 1981a) . Similar properties were observed for mono, di-and tri-hydroxyphenols with reducing properties. These appeared to act by recycling femc ions to the ferrous state. Bleomycin can degrade DNA when it chelates ferrous ions in the presence of dioxygen (Sausville et al., 1976) . It is thought that the species responsible for this damage is the hydroxyl radical (Oberley & Buettner, 1979) formed by the autoxidation of ferrous ions. Attempts to inhibit damage to linear-duplex DNA with superoxide dismutase, catalase and hydroxyl-radical scavengers have not given altogether clear-cut results (Sausville et al., 1978; Gutteridge L Shute, 1982) . This can be explained by either a failure of the scavengers to reach the reaction site on the DNA molecule or may suggest that inorganic oxygen radicals are not involved in this damage.
A copper(I1) complex of bleomycin, like most other copper complexes, shows superoxide dismutase-like activity (Gutteridge & Fu, 1981b) and should, unlike superoxide dismutase, bind specifically to the DNA molecule in a similar or identical way to that of the bleomycin-iron complex. Bleomycin-copper(I1) used in this way offered some protection against iron-dependent damage, whereas superoxide dismutase was without effect.
Detection of oxygen-radical damage
Much of the direct evidence for free-radical damage to biological molecules comes from high-energy radiation studies. Irradiation of water produces a variety of reactive intermediates:
H' + 0, + HO,' 0, + eiq. + 0,'-Aqueous solutions of amino acids, carbohydrates and nucleic acids have been shown to yield thiobarbituric-acid-reactive substances on high-energy irradiation (Kapp & Smith, 1970; Ambe & Tappel, 1961; Morre & Morazzani-Pelletier, 1966) . Those molecules most susceptible to radiation damage are also those which are most susceptible to iron-dependent free-radical damage (Gutteridge, 198 1) . Incubation of solutions of glutamic acid or deoxyribose with 20pM ferrous ions results in the formation of thiobarbituric-acid-reactive products. Like the radiolysis of water (reactions 8, 9 and lo), iron autoxidation in an aqueous medium results in the formation of hydroxyl radicals. The ferrous salts slowly autoxidize in solution to form the superoxide radical (reaction 1 1) (Halliwell, 1978a; Halliwell et al., 1980) :
which undergoes non-enzymic dismutation rapidly at pH 7.4 (eqn. 1). The resulting hydrogen peroxide then reacts with ferrous salts to form the hydroxyl radical by the 'Fenton reaction (eqn. 3). Evidence that the hydroxyl radical is responsible for the ferrous-ion-dependent degradation of deoxyribose is provided by the inhibitory action of catalase, scavengers of OH' and the iron chelators diethylenetriaminepenta-acetic acid (DETAPAC) and desferrioxamine (Halliwell & Gutteridge, 1981) . Superoxide dismutase does not inhibit this reaction, since it serves only to accelerate dismutation of the superoxide radicals and does not therefore interfere with generation of OH'. A superoxide-generating system, using xanthine and xanthine oxidase, also released thiobarbituricacid-reactive material from deoxyribose. This reaction was greatly enhanced by the addition of ferric salts (shown to be present in low but active concentrations in almost all laboratory chemicals and reagents (Wong et al., 1981) . This superoxide-dependent damage was also inhibited by catalase, OH' scavengers and the iron chelators DETAPAC and desferrioxamine. Superoxide dismutase and copper(I1) salts, which are effective scavengers of O,-', also inhibited this reaction, suggesting that 02-' was acting as a reducing agent for ferric ions, so allowing them to participate in reaction (3).
Detection of free iron in extracellularjluids
Once man has absorbed iron there are no simple mechanisms for its excretion, the iron being constantly re-cycled for use in the body mostly as a component of the haem proteins. For the purposes of transport and storage, specialized non-haem proteins such as lactoferrin, transferrin and ferritin exist. These proteins normally occur in a partially iron-loaded state, and as (Halliwell, 19786) .
A method has recently been developed to detect micromolar concentrations of iron capable of participating in the HaberWeiss reaction. As previously mentioned, bleomycin does not degrade DNA unless ferrous ions and dioxygen are present. Its ability to chelate loosely bound iron and to bind to DNA has therefore been exploited as a quantitative measurement of iron (Gutteridge et al., 1981b) . This assay has provided us with direct evidence that 'oxygen activating' iron is present in extracellular fluids such as the synovial and pleural fluids and the cerebrospinal fluid. Loosely bound iron could not be detected in normal human plasma, a finding consistent with its unsaturated-transferrin levels, which are partly responsible for its observed potent antioxidant properties (Stocks et al., 1974) .
Protection against oxygen radicals in extracellular fluids
Cells utilizing dioxygen are, under normal conditions, adequately protected against its toxic effects. Extracellular fluids are generally poor in superoxide dismutase, catalase and peroxidases, but are nevertheless, subjected to superoxide and hydrogen peroxide generated by active leucocytes, released enzymes or autoxidizing substrates. In the presence of inorganic iron, hydroxyl-radical formation can take place. Under such circumstances, primary protection may be dependent on two different proteins both involved in iron metabolism. These are the iron-binding protein lactoferrin and the copper protein caeruloplasmin. catalysing ferrous-ion oxidation with the coupled reduction of dioxygen to water. The iron-binding protein lactoferrin shares many common physical and chemical properties with transferrin. Both proteins bind two molecules of ferric ion per molecule of protein with high affinity. Lactoferrin is, however, immunologically distinct from transferrin and it is found at both intracellular and extracellular sites. Activated neutrophils can secrete lactoferrin into the surrounding medium. When this protein has available binding sites for iron it can. like transferrin. act as an effective antioxidant by protecting lipids from iron-catalysed peroxidation (Gutteridge et 01.. I98 la). If ferrous ions in extracellular fluids are rapidly oxidized to the ferric state. reaction ( 3 ) (resulting in the formation of the OH' radical) cannot take place. The ferric ions can then be removed by transferrin of lactoferrin. Caeruloplasmin is an extremely effective inhibitor of iron-and copper-catalysed lipid peroxidation and of the degradation of DNA, carbohydrates and amino acids by iron salts J. M. C . Gutteridge & B. Halliwell, unpublished work) . This extracellular copper protein is an acute-phase reactant appearing in response to inflammatory stimuli and tissue damage. The remarkable antioxidant properties of caeruloplasmin and its inducible presence in extracellular fluids, which are inadequately protected against oxygen intermediates, can be related to mechanisms which do not scavenge active oxygen intermediates but limit their reactivity with iron.
The success of plants, and of weeds in particular, is due to their ability to colonize and survive in a wide range of environments. To achieve this they are endowed with extensive protective devices ranging from structural to biochemical. Herbicides initiate plant death in a variety of ways, but in many instances they do so by overtaxing or destroying the biochemical protective mechanisms which control toxic oxygen species, free radicals or excess excitation energy.
The bipyridylium herbicides paraquat and diquat have been widely used as rapid, 'total kill' herbicides since the 1950s. Investigations have demonstrated that oxygen is important in promoting the action of these herbicides (Mees. 1960: Van Rensen, 1975) and is rapidly taken up after herbicide application (Boger & Kunert, 1978) . The restraining action of the VOl. 10 photosynthetic-electron-transport inhibitor, monuron, on the development of toxic symptoms (Mees. 1960; Dodge. 197 1) indicates that an active electron-transport system is also important. It is generally agreed that chloroplast electron flow is diverted from the normal reduction of NADP+ to reduce the paraquat ion, clearly demonstrated to accumulate in anaerobic experiments with isolated chloroplasts (Zweig et al., 1965) . In the presence of oxygen. however, the univalently reduced paraquat radical is reoxidized to generate superoxide (Farrington et a[., 1973) 
